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(54) Reflective liquid crystal modulator based printing system 



(57) An apparatus (10) and method of printing two- 
dimensional swaths of area onto a photosensitive media 
uses at least one reflective liquid crystal spatial light 
modulator (52). In the apparatus and method, illumina- 
tion optics (1 1) receive light from a light source (30) and 
image the light at a polarization beamsplitter element 



(50). The polarization beamsplitter element images one 
polarization state of light at the spatial light modulator to 
create an essentially telecentric illumination at the spa- 
tial light modulator. 
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Description 

FIELD OF THE INVENTION 

[0001] This invention relates generally to an appa- 
ratus and method for spatially and temporally modulat- 
ing a light beam and imaging modulated light onto a 
photosensitive media. 

BACKGROUND OF THE INVENTION 

[0002] Photographic images are traditionally 
printed onto photographic paper using conventional film 
based optical printers. Currently, the photographic 
industry is converting to digital imaging. One step in the 
digital imaging process is to utilize images obtained 
from digital cameras or scanned film exposed in tradi- 
tional photographic cameras to create digital image files 
that are then printed onto photographic paper. Towards 
this end, the current invention relates to the area of dig- 
ital image printing of digital image files onto photo- 
graphic paper. 

[0003] The growth of the digital printing industry 
has led to multiple approaches to digital printing. One of 
the first methods of digital printing employed was the 
use of cathode ray tube (CRT) based printers. While 
such printers provide a means for digital printing, the 
technology has several known limitations. The first is 
the reduced resolution as determined by the limitation of 
the phosphor and electron beam. The resolution limita- 
tion is more severe when printing a large format at high 
resolution, such as 8 inch by 10 inch photographic prints 
with resolutions approaching 500 pixels/in. 
[0004] CRT printers tend to be expensive which is a 
severe shortcoming in a cost sensitive market. Also, 
CRT printers are limited in the ability to provide suffi- 
cient red exposure to the media when operating at 
frame rates above 10,000 prints per hour. 
[0005] Another commonly used approach to digital 
printing is the laser based engine as shown in U.S. Pat- 
ent No. 4,728,965. Such laser based systems are gen- 
erally polygon based flying spot systems using red, 
green, and blue lasers. Unfortunately, as with CRT print- 
ers, laser based systems tend to be expensive. Specifi- 
cally, the cost of blue and green lasers remains quite 
high. Additionally, currently available lasers are not 
always as compact as would be convenient. Another 
problem with laser based printing systems is that the 
photographic paper used for traditional photography is 
not directly usable in a color laser printer due to reci- 
procity failure. High intensity reciprocity failure is a phe- 
nomena by which photographic paper is less sensitive 
when exposed to high light intensity for a very short 
exposure time. Flying spot laser printers expose each of 
the pixels for a very short time, on the order of a fraction 
of a microsecond. Optical printing systems expose the 
paper for the duration of the whole frame time, which 
can be on the order of seconds. Thus, a special paper is 



required for laser printers. 

[0006] A more contemporary approach uses a sin- 
gle spatial light modulator such as a Texas Instruments 
digital micromirror device (DMD) as shown in U.S. Pat- 
5 ent No. 5,061,049 or liquid crystal device (LCD) modu- 
lator to modulate an incoming optical beam. Spatial light 
modulators provide both significant advantages in cost, 
allow longer exposure times, and have been proposed 
for a variety of different printing systems from line print- 
10 ing systems such as the printer depicted in U.S. Patent 
No. 5,521,748, to area printing systems such as the 
system described in U.S. Patent No. 5,652,661. 
[0007] The first approach using the Texas Instru- 
ments DMD shown in U.S. Patent No. 5,461,411 offers 
is advantages common to spatial light modulator printing 
such as longer exposure times using light emitting 
diodes as a source as shown in U.S. Patent No. 
5,504,514. However, this technology is very specific and 
not widely available. As a result, DMDs may be expen- 
se sive and not easily scaleable to higher resolution. The 
currently available resolution is not sufficient for all print- 
ing needs. Furthermore, there is no steady path to 
increased resolution. 

[0008] The second approach is to use a liquid crys- 

25 tal spatial light modulator. Liquid crystal modulators are 
a low cost solution for applications involving spatial light 
modulators. Several photographic printers using com- 
monly available LCD technology have been proposed. 
Some examples of such systems are described in U.S. 

30 Patent Nos. 5,652.661 ; 5,701,185; and 5,745,156. Most 
designs revolve around the use of a transmissive spatial 
light modulator such as depicted in U.S. Patent Nos. 
5,652,661 and 5,701,185.. Until recently, most spatial 
light modulators have been designed for use in trans- 

35 mission. While such a method offers several advan- 
tages in ease of optical design for printing, there are 
several drawbacks to the use of conventional transmis- 
sive LCD technology. Transmissive spatial light modula- 
tors generally have reduced aperture ratios and the use 

40 of (thin film transistor) TFT on glass technology does 
not promote the pixel to pixel uniformity desired in many 
printing applications. Furthermore, in order to provide 
large numbers of pixels, many high resolution transmis- 
sive LCDs possess footprints of several inches. Such a 

45 large footprint can be unwielding when combined with a 
printlens. As a result, most LCD printers using transmis- 
sive technology are constrained to either low resolution 
or small print sizes. To print high resolution 8 in. by 10 
in. images with at least 300 pixels per inch requires 

so 2400 by 3000 pixels. Spatial light modulators with such 
resolutions are not readily available. Furthermore, each 
pixel must have a gray scale depth so as to be able to 
render a continuous tone print and do so uniformly over 
the frame size 

55 [0009] Most of the activity in spatial light modulators 
has been directed at projection display. The projectors 
are optimized to provide maximum luminous flux to the 
screen with secondary emphasis placed on contrast 
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and resolution. To achieve the goals of projection dis- 
play, most optical designs use high intensity lamp light 
sources. Additionally, many projector designs use three 
spatial light modulators, one for each of the primary 
colors, such as the design proposed in U.S. Patent No. 
5,743,610. Three spatial light modulators are both 
expensive and cumbersome. For projectors using a sin- 
gle spatial light modulator, color sequential operation is 
required. To maintain the high luminosity in combination 
with the color sequential requirements, a rotating color 
filter wheel is employed. This is yet another moving, 
large part further complicating the system. 
[001 0] An object of the present invention is to over- 
come the above-mentioned drawbacks of digital image 
printing on photographic paper, namely cost, resolution, 
and reciprocity failure. The recent advent of high resolu- 
tion reflective LCDs with high contrast (greater than 
100:1), such as described in U.S. Patent Nos. 
5,325,137 and 5,805,274 has opened possibilities for 
printing that were previously unavailable. Specifically, 
the inventive printer is based on a reflective LCD spatial 
light modulator illuminated sequentially by red, green 
and blue, light emitting diodes (LEDs), and where the 
LCD spatial light modulator may be sub-apertured and 
dithered in two directions, and possibly three to 
increase the resolution. This method has been applied 
to transmissive LCD systems due to the already less 
than perfect fill factor. Incorporating dithering into a 
reflective LCD printing system would allow high resolu- 
tion printing while maintaining a small footprint. Also, 
because of the naturally high fill factor present in many 
reflective LCD technologies, the dithering can be omit- 
ted with no detriment to the continuity of the printed 
image. While devices such as the Tl micromirror can 
incorporate a secondary mask as shown in U.S. Patent 
No. 5,754,217, the mask may be displaced from the 
device or at the very least add to the processing com- 
plexity of an already complex device. The use of a single 
LCD serves to signif icantly reduce the cost of the print- 
ing system. Furthermore, the use of an area spatial light 
modulator sets the exposure times at sufficient length to 
avoid or significantly reduce reciprocity failure. 
[0011] The progress in the reflective LCD device 
field made in response to needs of the projection dis- 
play industry have provided opportunities in printing 
applications. One aspect of the inventive design is that 
a LCD designed for projection display can be incorpo- 
rated into the printing design with little or no modification 
to the LCD itself. By designing the exposure system and 
data path such that an existing projection display device 
requires little or no modification allows inexpensive 
incorporation of a commodity item into a print engine. 
[001 2] Of the reflective LCD technologies, the most 
suitable to this design (though not the only reflective 
LCD) is one which incorporates a small footprint with an 
integrated CMOS backplane. The compact size along 
with the uniformity of drive offered by such a device will 
translate into better image quality than other LCD tech- 



nologies. There has been progress in the projection dis- 
play industry towards incorporating a single reflective 
LCD (see U.S. Patent No. 5.743,612), primarily because 
of the lower cost and weight of single device systems. 
5 Of the LCD technologies, it is the reflective LCD with the 
silicon backplane that can best achieve the high speeds 
required for color sequential operation. While this 
increased speed may not be as essential to printing as 
it is for projection display, the higher speeds can be uti- 
70 lized to incorporate additional gray scale and uniformity 
correction to printing systems. 
[0013] Spatial light modulator printing systems can 
incorporate a variety o methods to achieve gray scale. 
Texas Instruments employs a time delayed integration 
15 system that works well with line arrays as shown in U.S. 
Patent Nos. 5,721,622 and 5,461,410. While this 
method can provide adequate gray levels at a reasona- 
ble speed, line printing TDI methods can result in regis- 
tration problems and soft images. Alternate methods 
20 have been proposed particularly around transmissive 
LCDs such as the design presented in U.S. Patent No. 
5,754,305, which can also be incorporated into reflec- 
tive LCDs. However, rf the LCD is sufficiently fast, the 
proposed printer can create gray scale in area images 
25 adequately without time delayed integration or analog 
operation. 



SUMMARY OF THE INVENTION 

30 [0014] An object of this invention to provide for a 
high pixel density color image at a media exposure 
plane in an AgX printing system; and to provide means 
by which to utilize a high site density spatial light modu- 
lator to create digital images for imaging onto photo- 
35 graphic media. 

[0015] Briefly, according to one aspect of the 
present invention, light emitting diode sources are 
imaged color sequentially through a polarizer, spatial 
uniformizing optics and a polarizing beamsplitter tocre- 
40 ate essentially telecentric illumination at the plane of a 
spatial light modulator. The spatial light modulator is 
comprised of a plurality of modulator sites in two dimen- 
sions. Individual modulator sites rotate the polarization 
state of incoming light and reflected light passes 
45 through the polarizing beamsplitter cube. Light is then 
imaged through a print lens assembly and an additional 
polarization element onto a media plane. The media is 
exposed in a color sequential manner with a two dimen- 
sional color image. The media is then moved to a sec- 
50 ond position and a new image is printed. 

[0016] In one embodiment the light emitting diodes 
are arranged in a two-dimensional pattern such that 
light emitted from the sources is largely collected by the 
imaging optics. The light emitting diodes are then 
55 addressed in a series of pulses of varying amplitude 
and duration, in a color sequential manner to provide 
illumination of varying light levels to the reflective spatial 
light modulator, thus extending the gray scale available 
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through the spatial light modulator. 
[001 7] In a further embodiment of the invention, the 
light emitting diodes and collimating lenses are replaced 
by a refletorised tungsten-halogen lamp, an infrared- 
rejecting filter and a color filter wheel with red, green, s 
blue and opaque filter positions. 
[0018] Incident light passes though individual colli- 
mating lenses to a linear polarizer. The linear polarizer 
serves to establish the polarization axis of the incident 
light to be the same as the polarizing beamsplitter cube, w 
Light passes through a lenslet array and field lens 
arrangement to provide uniform and telecentric illumina- 
tion. Light incident on the polarizing beamsplitter cube 
is channeled in the direction of the spatial light modula- 
tor as the initial polarizer in the optical system estab- is 
lished the polarization axis as such. 
[0019] Uniform light incident on the spatial light 
modulator is modulated on a site by site basis. Image 
data is displayed on the spatial light modulator as a 
series of frames corresponding to the illumination level 20 
and color. The voltage supplied to the spatial light mod- 
ulator may vary with the illumination wavelength. Light 
rotated by the spatial light modulator is passed through 
the polarizing beamsplitter cube and through a subse- 
quent polarizer and print lens assembly. The print lens 25 
assembly is used in combination with a linear polarizer 
to provide a high contrast magnified image at the image 
plane. At the image plane multiple images generated 
color sequentially are imaged on a two dimensional 
area or swath on the media. Upon completion of expo- 30 
sure of a given image, the media is advanced and the 
next image is exposed. 

[0020] In an alternate embodiment of the invention, 
the polarizer following the polarizing beamsplitter is 
rotated to multiple distinct positions to compensate for 35 
the difference in rotation between illumination wave- 
lengths. 

[0021] In a further embodiment of the invention, 
multiple spatial light modulators are sequentially placed 
in the illumination path and imaged onto the media. The 40 
multiple modulators may be distinct in their operation 
with respect to wavelength of illumination, drive voltage, 
or aspect ratio. The spatial light modulators may also 
incorporate polarization compensators before the polar- 
izing beamsplitter to improve contrast. Additionally, mul- 45 
tiple modulators may be needed to switch between 
differing aspect ratios. 

[0022] In a further embodiment of the invention, the 
spatial light modulator or an image thereof is moved to 
multiple distinct locations displaced at a distance deter- so 
mined by the modulator site size to create multiple 
images. This approach, referred to as dithering, pro- 
vides additional resolution at the image plane. 
[0023] In a further embodiment, the spatial light 
modulator is comprised of apertured modulator sites 55 
that are dithered and imaged to create higher pixel den- 
sity at the image plane. 

[0024] In a further embodiment of the present 



invention, the print lens assembly is replaced by another 
print lens assembly on command to create a larger area 
print. The image generated by dithering in combination 
with the larger image size provides larger prints at high 
resolution. 

[0025] The present invention relates to a method of 
printing onto a photosensitive media using at least one 
reflective liquid crystal spatial light modulator. The 
method comprises the steps of: imaging light from a 
light source at least through an optics assembly; pass- 
ing the light from the optics assembly through a polari- 
zation beamsplitter element to isolate polarization 
states of the light; directing the polarized light to the 
spatial light modulator to create an essentially telecen- 
tric illumination at the spatial light modulator; and imag- 
ing the light through a print lens assembly at the 
photosensitive media. 

[0026] The present invention also relates to a print- 
ing assembly which prints onto a photosensitive media. 
The printing assembly comprises a light source; illumi- 
nation optics which receive light from the light source 
and image the light at a beamsplitter element which 
images one polarization state of light at a spatial light 
modulator, wherein an essentially telecentric illumina- 
tion is created at the spatial light modulator; and a print 
lens assembly which images the light onto the photo- 
sensitive media. 

[0027] The above, and other objects, advantages, 
and novel features of the present invention will become 
more apparent from the accompanying description 
thereof when considered in conjunction with the follow- 
ing drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0028] 

Figure 1a illustrates a layout of a reflective spatial 
light modulator based printing system for printing 
two-dimensional swaths using light emitting diodes; 
Figure 1b illustrates a layout of a reflective spatial 
light modulator based printing system for printing 
two-dimensional swaths; 

Figure 1c illustrates a layout of a reflective spatial 
light modulator based printing system for printing 
two-dimensional swaths using a halogen lamp. 
Figure 2 illustrates a two-dimensional arrangement 
of light emitting diodes; 

Figure 3 shows a cross section of an apparatus for 
holding light emitting diodes and collimating lenses 
for light emitting diodes; 

Figure 4 shows a rotating wheel of light emitting 
diodes for color sequential illumination ; 
Figure 5a illustrates a front surface view of a multi- 
ple site spatial light modulator; 
Figure 5b shows a cross-section of a reflective 
modulator with motion controllers, a liquid crystal 
spatial light modulator, a cover glass, and a polari- 
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zation compensation component; 
Figure 6: illustrates a rail arrangement of three spa- 
tial light modulator panels for color sequential print- 
ing using three distinct modulators; 
Figure 7 illustrates a rail arrangement for switching 
between portrait and landscape positioned spatial 
light modulators; 

Figure 8 shows a multiple rail arrangement for 
switching between portrait and landscape posi- 
tioned spatial light modulators where there are 
three distinct spatial light modulators for color 
sequential illumination; 

Figure 9a-9d illustrate the effect of dithering an un- 
apertured spatial light modulator using four distinct 
image positions; 

Figure 10 illustrates a front surface of a sub-aper- 
tured spatial light modulator; 
Figure 1 1 illustrates a cross section of a reflective 
spatial light modulator; 

Figure 12a-12d illustrate the effect of dithering an 
apertured spatial light modulator using four distinct 
image positions; and 

Figure 13 illustrates a layout of a reflective spatial 
light modulator based printing system for printing 
two-dimensional swaths including an intermediate 
image plane for inclusion of a dither mask. 

DETAILED DESCRIPTION OF THE INVENTION 

[0029] The present description will be directed in 
particular to elements forming part, or in cooperation 
more directly with an apparatus in accordance with the 
present invention. It is understood that the elements not 
shown specifically or described may take various forms 
well known to those skilled in the art. 
[0030] Referring now to the drawings, wherein like 
reference numerals represent identical or correspond- 
ing parts throughout the several views, Fig. 1a illus- 
trates a printer referred to in general by numeral 10. 
Printer 10 is comprised of a light source 30 which can 
be in the form of light emitting diodes (LED); illumination 
optics 1 1 ; a polarization beamsplitter element 50 which 
can be in the form of a beamsplitting cube; a reflective 
spatial light modulator 52 in the form of a reflective liquid 
crystal device(LCD) modulator; a data path (not shown) 
for providing image information to modulator 52; and a 
print lens assembly 132. Printer 10 provides a two 
dimensional image or swaths of area to light sensitive 
media 160 located at an image plane 150. 
[0031] Light source 30 comprises a two-dimen- 
sional array of LEDs at three distinct wavelengths repre- 
senting red, blue, and green emission. One 
arrangement of LEDs of light source 30 is shown in 
Fig.2. In Fig. 2, the LEDs of light source 30 are con- 
tained in a circular aperture 20. LEDs emitting in the red 
wavelength 14, LEDS emitting in the blue wavelengths 
18. and LEDs emitting in the green wavelength 16. are 
placed in a frame 19. The LEDs are arranged such that 



the colors of emission are spread evenly about the aper- 
ture. The relative number of LEDs emitting at a given 
wavelength are determined by the sensitivity of the 
media onto which the light is imaged. An example 
5 arrangement could include four red LEDs 14, two green 
LEDs 1 6. and two blue LEDs 1 8. The LEDs are spaced 
such that a significant fraction of the light emitted can be 
captured in the collection aperture of the downstream 
optics of illumination optics 11. Furthermore, redun- 
10 dancy in emitters reduces the system sensitivity to mal- 
function in any individual LED. The LEDs of light source 
30 are operated in a pulsed and color sequential man- 
ner. For any given image, groups of LEDs are activated 
in orcler of wavelength. For example, the LEDs 14 are 
75 activated and deactivated, blue LEDs 18 are activated 
and deactivated, then green LEDs 16 are activated and 
deactivated. Any activation cycle for a given wavelength 
consists of a series of pulses, which may vary in dura- 
tion or amplitude. The length and duration of the pulses 
20 are determined by the level of illumination needed per 
image to define the gray scale and by the sensitivity of 
media 160 to light level and illumination time. 
[0032] Each of the LED emitters from light source 
30 is mapped by illumination optics 1 1 to cover the area 
25 of LCD modulator 52. Illumination optics 11 are 
designed to provide uniform and essentially telecentric 
illumination at the modulator plane. This design is 
unique to printing applications because the require- 
ments for uniformity of illumination and uniformity of 
30 image are far more stringent in printing then in projec- 
tion display. Specifically, the tolerance to roll-off at the 
edges of the illumination is much greater. The telecen- 
tricity is required to maintain the uniformity of the image 
at the image plane due to constraints on the LCD oper- 
35 ation. Throughout the system conjugate planes 28 are 
shown in Fig. 1a. The first element in illumination optics 
1 1 is a collimating lens 32 placed in front of each LED of 
light source 30. Fig. 3 shows a cross sectional view of 
red 14, green 16 and blue 18 LEDs mounted with colli- 
40 mating lenses 32 into frame 19. Each LED 14, 16, 18 is 
mounted in frame 19 with the anode 22 and a cathode 
24 leads behind frame 19 and collimating lens 32 in 
front. The individual collimating lenses 32 are required 
only if the encapsulation of the diodes is insufficient. 
45 The collimating lenses aid in collecting the light from the 
rapidly diverging light from LEDs 14, 16. 18. The use of 
collimating lens 32 is optional and dependent on the 
particular choice of LEDs. 

[0033] It should be noted that if the media used 
so requires a great number of LEDs and a single two 
dimensional arrangement is insufficient to pass enough 
light through the aperture of the illumination system, a 
LED wheel as shown in Fig.4 can be employed. In Fig. 
4, LEDs of the three colors, red 14, blue 18, and green 
55 16 are separated into the three segments of a disk 
assembly 26. Disk assembly 26 rotates the appropriate 
color LEDs into position and the LEDs are illuminated. 
Disk assembly 26 spins to three distinct positions for the 
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three distinct colors. 

[0034] Illumination optics 1 1 is designed to illumi- 
nate a nearly square or rectangular aperture. In gen- 
eral, axially symmetric components are employed in the 
illumination. Following collimating lens 32 is a combiner s 
field lens 34 that images light to an integrator assembly 
35 which comprises two field lenses 36, 42 and a lenslet 
array assembly 40 which includes two lenslet arrays 
40a, 40b. The light at the intermediate illumination plane 
is broken into a number of portions equivalent to the 10 
number of elements in lenslet array 40a. The individual 
portions are then imaged and magnified by second 
lenslet array 40b and second field lens 42. Light passing 
through integrator assembly 35 along with a following 
field lens 44 is passed through an aperture stop 46 and is 
a relay lens 48. Relay lens 48 is positioned immediately 
before polarization beamsplitter element 50. 
[0035] The LEDs of light source 30, collimating lens 
32 and combiner field lens 34 can be replaced by a red, 
green and blue 2-dimensional array of suitably lensed 20 
lamps 12 placed on a spherical surface 21 which is 
placed on a printed circuit board 25 (Figure 1b). The 
center of curvature of spherical surface 21 is at least at 
the center of collimating lens 32 as shown in Figure 1b. 
It should also be noted that, although relay lens 48, field 25 
lens 44, and field lens 42 are shown as separate ele- 
ments in Figure 1a, a single compound lens 49 provid- 
ing uniform and essentially telecentric illumination could 
be employed instead of the three individual elements as 
is depicted in Figure 1c. 30 
[0036] It should be understood that as an alterna- 
tive, a light source in the form of a broadband visible 
source with a color filter wheel can be employed. More 
specifically, an alternate light source such as a halogen 
lamp 29 can be employed in conjunction with a color f il- 35 
ter wheel 33 to provide the required color sequential illu- 
mination. Such an arrangement is shown in Figure 1c. If 
a halogen lamp 29 is employed, it is advisable to incor- 
porate an infrared rejecting filter 31 following the lamp in 
the assembly. The reflector present in the housing of a 40 
halogen lamp in combination with lenses 36 and 37 
direct the flux from the filament into the entrance aper- 
ture of uniformizer 40. Rotating color filter wheel 33 sep- 
arates the illumination in time into red, green and blue 
spectral bands, and also provides a light blocking posi- 45 
tion to provide zero illumination blocking intervals. While 
an illumination incorporating a halogen lamp and filter 
wheel is adequate, the mechanical motion of the filter 
wheel adds complexity which may not be desirable. 
[0037] Because polarization beamsplitter element so 
50 may not provide adequate extinction between s 
polarization state of light 142 and p polarization state of 
light 144, a linear polarizer 38 may be incorporated in 
the illumination assembly prior to beamsplitter element 
50. There are several places where this polarizer 38 can 55 
be placed; one such position is immediately preceding 
lenslet array assembly 40. Linear polarizer 38 is used to 
isolate the polarization state parallel to the axis of polar- 



ization beamsplitter element 50. This serves to reinforce 
the polarization state determined by polarization beam- 
splitter element 50, decrease leakage light and increase 
the resulting contrast ratio. In Fig. 1 , light of the s-polar- 
ization state 142 passing through polarization beam- 
splitter element 50 is directed to the plane of LCD 
modulator 52. The p polarization state 144 is passed 
through beamsplitter element 50. 
[0038] The light in s polarization state 142 directed 
onto LCD modulator 52 is essentially telecentric. This a 
key aspect of this design and sets the design apart from 
those generally used for projection display. If the light 
impingent is not telecentric, then modulation across the 
different angles of incident light is not uniform which will 
lead to a severe degradation in contrast. 
[0039] Spatial light modulator 52 of this system is 
designed for a two dimensional reflective polarization 
based spatial light modulator as is shown in Fig. 5a. 
Modulator 52 includes a plurality of modulator sites 53 
that are individually modulatable. Light passes through 
modulator 52, is reflected off the back of the modulator 
52, and returns through modulator 52. If a modulator 
site 53 is "on H or bright, during the round-trip through 
modulator 52, the polarization state of the light is 
rotated. In an ideal case the light is rotated 90 degrees. 
However, this degree of rotation is rarely easily 
achieved. If a given modulator site is "off or dark, the 
light is not rotated. The light that is not rotated is not 
passed straight through the beamplitter element 50 but 
is redirected away from the media plane by beamsplitter 
element 50. It should be noted that light which is rotated 
by LCD modulator 52 may become elliptically polarized. 
Upon passing through a linear polarizer, the light will 
regain linearity. However, light that is not passed 
through a linear polarizer will retain ellipticity. 
[0040] The most readily available choice of reflec- 
tive polarization based modulators is the reflective liquid 
crystal modulator. Such modulators, originally devel- 
oped for use in projection display, can have resolutions 
as high as 4000 x 2000 modulator sites. Currently, res- 
olutions of 1200 x 1600 sites are available with foot- 
prints as small as a 0.9 in diagonal. These high 
resolution reflective LCDs, are often twisted nematic 
LCDs, or homeotropically aligned reflective LCDs, 
although other types of reflective LCDs such as ferroe- 
lectric are often employed in projection display. Some of 
the key characteristics of these LCDs are the high reso- 
lution, the high contrast ( >100:1) in all three primary 
colors, the fast frame rate of 70 frames per second or 
higher, and the high aperture ratio (> 90%). In addition, 
the incorporation of CMOS backplane increases the 
uniformity across the array. The LCDs are also capable 
of producing an eight bit gray scale either through pulse 
width modulation or through analog operation. In either 
case data may be introduced digitally to the printing sys- 
tem. These characteristics ensure that the reflective 
LCD is an excellent choice for use in a reflective printing 
system. 
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[0041] Modulator 52 can be designed in a number 
of different configurations. The most amenable to a low 
cost printing system is a single chip system used in 
color sequential mode. Such a modulator may be either 
specifically designed for color sequential use, often 5 
incorporating a faster backplane and slightly different 
liquid crystal compositions, or can be a single chip with 
a 60 to 70 frame per second backplane. The latter 
option is sufficient for printing because the high frame 
rates are not a necessity and often reduce the bit depth 70 
of the resulting image. However, while many liquid crys- 
tals are the same basic crystal for all three primary color 
wavelengths, sometimes either due to the specific 
applied voltage or the liquid crystal thickness, operation 
may differ in the three wavelengths. Specifically, for a 75 
given liquid crystal composition, depth and applied volt- 
age, the resulting polarization rotation on an incident 
beam may vary with wavelength. The efficiency and 
contrast of the modulation will vary among the three 
colors. This optical system is designed to image and 20 
pass rotated light. However, the degree of rotation will 
vary as a function of wavelength. In the bright, or "on* 
state, this difference in rotation will effect the efficiency 
of the system. In other words, the percentage of incident 
light that is actually rotated and imaged on the media 25 
plane will vary. This difference in wavelength efficiency 
can be accounted for by varying the illumination 
strength, and exposure time. Also, the media requires 
different power densities in the different wavelengths. 
The bigger problems arise in the dark or "off state". In 30 
this state, the light is not rotated and should not be 
directed thought the cube and imaged. If the light is in 
fact, rotated, light will leak through the imaging system 
and decrease the contrast. 

[0042] It may be that the variations are acceptable 35 
and can be compensated for in the illumination, and 
media. However, if the discrepancy is too great, a 
number of remedies an be applied. 
[0043] An alternate embodiment by which contrast 
can be adjusted is to use polarization compensation or 40 
selection devices. A polarization compensator 76 may 
be introduced to the surface of modulator 52. Such an 
arrangement is depicted in Fig. 5b. Figure 5b is a cross- 
sectional view of modulator 52. As shown in Fig. 5b, the 
top surface or layer includes compensator 76, the sec- 45 
ond surface or layer is a cover glass 74 of modulator 52, 
the third layer is modulator 52 with a reflective back- 
plane, and behind modulator 52 are mounted actuators 
70, 72 or mounts for actuators to position modulator 52. 
Another possibility, is to incorporate a polarization com- 50 
pensator in the path of the optical beam to correct the 
polarization state of the light. A single compensator may 
be placed in the optical path to particularly correct the 
off state of the light. However, if the design is to be truly 
efficient for each wavelength, the system would require ss 
three compensators placed sequentially with the illumi- 
nation timing. 

[0044] Polarization compensation devices can 



prove to be expensive, and an efficient but inexpensive 
means to accomplish the same results can be obtained 
through the use of linear polarizers. As was mentioned 
earlier, a single LCD operating in color sequential mode 
imparts different degrees of polarization rotation to the 
three colors of illumination. In an effort to maximize con- 
trast, special care must be taken to provide a truly dark 
"off state". Because the rotation of the light of modulator 
52 is not always crossed perfectly with beamsplitter ele- 
ment 50 in the off state, additional polarization selection 
must be incorporated into the optical path. Also, beam- 
splitter element 50 is not perfect and will leak some 
amount of appositely polarized light. For these reasons, 
an additional sheet polarizer is either immediately 
before or after print lens assembly 132. This additional 
polarizer serves to reject leakage light that is passed 
through beamsplitter element 50. Specifically, for a par- 
ticular LCD modulator, the dark state of the light is actu- 
ally rotated 7 degrees from the polarization transmitting 
direction of beamsplitter element 50. To correct this, a 
second analyzer polarizer 134 is rotated 7 degrees off- 
axis and the leakage light is suppressed. The particular 
angle at which polarizer 134 must be placed is a func- 
tion of the particular reflective LCD chosen for the print- 
ing system. A suggested placement of analyzer 
polarizer 134 is shown in Fig 1. 
[0045] In some cases, the residual rotation present 
in the off-state is quite different for the three wave- 
lengths. The implication is that there is some degree of 
residual charge or rotation on the LCD in the "off state". 
While this state is designed not to impart rotation to the 
incident light, a small degree of rotation and possibly 
ellipticity is introduced. Because for a specific thickness 
and voltage the rotation will vary with wavelength, the 
analyzer polarizer position may be different for the three 
wavelengths. One method to ensure sufficient contrast 
is to place three polarizers sequentially in time in the 
path of the beam, or to rotate the existing polarizer 134 
to three distinct positions for the three different illumina- 
tion wavelengths. 

[0046] A further embodiment or approach to deal- 
ing with different operation methods for the different 
wavelength is to use three LCD modulators as shown in 
Fig. 6. In Fig. 6, three LCD modulators 54, 55, 56 one 
representing each color are mounted on a single frame 
78. Attached to frame 78 is a mount or dither assembly 
58 needed for motion in shorter distances in the plane 
of the LCD modulator. The assembly is attached to a lin- 
ear translation rail system 59 with bearings 57 used to 
linearly translate each of the three LCD modulators 54, 
55, 56 sequentially in position to utilize the color 
sequential illumination, ft should be understood that 
methods other than a rail assembly may be used to 
position the three LCD modulators 54. 55. 56 into posi- 
tion. 

[0047] The same reasons that may necessitate the 
use of three LCD modulators are, in part, responsible 
for the need for telecentric illumination. If the illumina- 
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tion is not telecentric, off axis illumination traverses a 
different path length through the LCD modulator and 
acquires a different degree of phase change. 
[0048] The use of three modulators can add cost 
and complexity to the systems. It should be possible to 
use a single LCD modulator to achieve sufficient modu- 
lation in all three colors. A simple solution is to adjust 
the voltage to the LCD modulator as a function of illumi- 
nation color and as a result alter the rotation seen by 
each color. 

[0049] In an alternate embodiment it becomes nec- 
essary to change the aspect ratio between prints. 
Instead of using a subsection of the device, it may be 
necessary to switch between two devices. A switch 
would be an effort to maintain the resolution. Figure 7 is 
a picture of a rail assembly for motion between spatial 
light modulators of opposite aspect rations. One LCD 
modulator is in landscape format 98, while the other is in 
portrait format 96. A single mount or dither assembly 58 
is used to hold both LCDs 96, 98 to linear translation rail 
system 59. This motion assembly is different from the 
assembly for dithering because the required motion is a 
greater distance. There are several means by which to 
translate the assembly, one of which is shown in Fig.7. 
LCDs 96, 98 sit on linear translation rail system 59 with 
ball bearings 57 situated underneath. The assembly is 
electro-statically or mechanically actuated and moves 
laterally between two stops 66. 

[0050] An effort to combine multiple LCD printing 
schemes is shown in Fig. 8 , which is an assembly with 
vertical motion to switch between portrait 108, 1 10, 1 12 
and landscape 102, 104, 106 LCDs and a lateral 
assembly to switch between LCD colors red 106,108, 
blue 104, 110, and green 102 1 12. The vertical assem- 
bly uses a rail 1 14 to move the mounting plane. Dither 
assembly 58 is attached at the rear of the device and at 
the bottom of the mounting plane. A lateral assembly 
using rollers or ball bearings 57 is the base or rail sys- 
tem 59 of the entire assembly. 

[0051 ] In a further embodiment of the photographic 
printing system, a single LCD may be used to increase 
resolution. One of the issues when printing with a two- 
dimensional modulator is the effect of modulator site 
defects. Another possible issue is a need to increase 
resolution for larger print sizes. Both these issues can 
be addressed through dithered printing. Dithering a 
standard high aperture ratio LCD modulator 52 is 
shown in Figs. 9a-9d. To dither a full aperture LCD is to 
image the modulator 52 at one position, and reposition 
modulator 52 a fraction of a modulator site distance 
away and image. In so doing, multiple images are cre- 
ated and overlapped. By overlapping multiple images, 
the system acquires a redundancy that corrects for 
modulator site failure or drop out. Furthermore, by inter- 
polating and updating the data between positions, the 
effective resolution is increased. One particular dither- 
ing scheme is depicted in Figs. 9a-9d. First, modulator 
52 is positioned at a given position 61 and modulator 



sites 63 are positioned and imaged (Fig. 9a). Modulator 
52 is then moved to a second position 62 (Fig. 9b) one 
half of a modulator site laterally displaced from previous 
position 61 . Modulator 52 is then imaged at position 62. 

5 Modulator 52 is then displaced one half of a modulator 
site longitudinally from previous position 62, which 
means it is diagonally displaced from initial position 61 . 
Modulator sites 63 are illuminated and the media 
exposed again. Modulator 52 is then moved to a fourth 

w position 65 that is laterally displaced from third position 
64. The media is then exposed at this position. Effec- 
tively, there is a four times increase in the amount of 
data written. This serves to increase image resolution 
and provide means to further sharpen images. With a 

is high aperture ratio, it may be sufficient to simply dither 
in one diagonal direction to achieve comparable results. 
[0052] Dithering requires motion of the modulator in 
two directions. Each motion is approximately between 5 
urn and 20 urn for a typical reflective LCD modulator. In 

20 order to achieve this motion, many different actuator or 
motion assemblies can be employed. For example, the 
assembly can use two piezo-electric actuators. What- 
ever method is employed, the assembly must accom- 
modate the actuators with the modulator. An example of 

25 the inclusion of actuators is shown in Fig. 5b. The back 
of the LCD mount contains mountings to mate to the 
motion controllers to be used in dithering. 
[0053] In an alternate embodiment requiring mini- 
mum modification to a reflective LCD device designed 

30 for projection display, the device can be sub-apertured. 
In an effort to markedly increase resolution, the modula- 
tor can contain an aperture ratio that is relatively small. 
Ideally this aperture must be symmetrically placed 
within each modulator site. The result is a modulator 

35 site for which only a fraction of the area transmits light. 
Fig. 10 is an illustration of a sub-apertured area modu- 
lator. Black regions 80 represent the non reflecting, non- 
transmitting regions of the device. Clear areas 82 repre- 
sent the sub-apertured transmitting areas of the LCD. 

40 [0054] Figure 1 1 is a cross-section of a two-dimen- 
sional LCD modulator 52*. There is a frame 78' which 
can be in the form of a CMOS backplane on top of which 
rests an LCD 76\ Above the LCD 76' is a cover glass 
74*. Sub-apertures may exist as a mask in frame 78', as 

45 a pattern in LCD 76', or as a pattern on the surface of 
cover glass 74* closest to LCD 76\ In an effort to double 
the resolution in each direction, a sub-aperture of 
approximately 25% may be employed. By dithering a 
25% aperture ratio device, it is possible to double the 

so resolution in the image. 

[0055] Figures 12a-12d represent the dithering of a 
sub-apertured device. Modulator 52 is positioned at a 
given position 84 (Fig. 12a) and sub-apertured modula- 
tor sites 92 are positioned and exposed while darkened 

55 ( non reflecting regions) 94 are not imaged onto media 
160. Modulator 52 is moved to a second position 86 
(Fig. 12b) a half full modulator site( sub-aperture and 
surrounding non-reflective area) laterally displaced from 
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previous position 84. Modulator 52 is then exposed at 
position 84. Modulator 52 is then displaced a half a full 
modulator site longitudinally from previous position 86 
to position 88 (Fig. 12c), which means it is diagonally 
displaced from initial position 84. Modulator 52 is then 5 
illuminated and the media exposed again. Modulator 52 
is then moved to a fourth position 90 (Fig. 12d) that is 
laterally displaced from third position 88. The media is 
exposed at this position. Effectively, there is a four times 
increase in the amount of data written. This serves to w 
increase image resolution and provide means to further 
sharpen images. 

[0056] A sub-aperture of 25% by area will give the 
highest image quality for a four step dither, however, in 
an effort to allow for redundancy in the modulator sites, 15 
it is better to use a sub-aperture ratio of greater than 25 
% by area. 

[0057] When the sub-apertures are not placed sym- 
metrically within each cell, dithering becomes quite diffi- 
cult. Different periods of motion can be employed, for 20 
instance 1 full modulator site width lateral motion com- 
bined with and half a modulator site vertical motion 
makes a dither pattern. However, such motion is quite 
prone to image artifacts. A simple way to get around this 
problem is to dither using only odd columns, then repeat 25 
the dither using only even columns. Alternately, the user 
may dither even rows, then dither odd rows. 
[0058] In an alternate embodiment, modulator 52 is 
left un-dithered. But, dithering takes place in one of the 
previously mentioned conjugate image planes 28 as is 30 
seen in Fig. 13. In this conjugate plane 28 a mask 184 
containing the sub-aperture is placed. It is then mask 
184 that is dithered while the information content to the 
modulator sites at modulator 52 is updated. This allows 
a sub-apertured image to be recorded although the 3s 
device may not be sub-apertured. It is also possible to 
create an intermediate image plane, however, this will 
prove cumbersome. 

[0059] Another means by which to accomplish the 
dithering through the use of mask 184 is to place mask 40 
184 in the image plane immediately before media 160. 
This mask 184 can then be dithered white data is 
refreshed to the device between dither positions. This 
method of dither will accomplish the same effect as the 
previous method of the intermediate image. 45 
[00S0] In all cases involving dithering, it is best to 
move modulator 52 or mask 184 to a position, expose 
sequentially in all three colors then move to the next 
position. In this manner, the number of physical motions 
is reduced. so 
[0081] Following modulator 52 and beamsplitter 
element 50 in Fig. 1 is a print lens assembly 132. Lens 
assembly 132 provides the correct magnification of the 
image of modulator 52 to image plane 150 where media 
160 is located. 55 
[00S2] Print lens assembly 132 is designed to pro- 
vide magnification relating to a given image size at 
image plane 150. In a fourth embodiment it is possible 
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for the printing system to create images corresponding 
to different print sizes. For instance, some prints may be 
4 in. by 6 in. while others may be 8 in by 10 in. To switch 
between print sizes, the printlens assembly 132 must be 
changed. Ideally, the illumination and modulator assem- 
blies remain unaltered and a different print lens assem- 
bly 132 is positioned. 

[0063] Once imaged at image plane 1 50, the printer 
moves the media to a next position and the next image 
is recorded. It is possible to move the media to the next 
position and record the next image, where the next 
image is a continuation in space of the original image. 
Thereby, creating a final image that is a juxtaposition of 
two images. 

[0064] One of the aspects which governs this print- 
ing system and is applicable to all embodiments is the 
means used to achieve sufficient uniformity while retain- 
ing the gray scale. Modulator 52 alone can receive up to 
8 bits of bit depth. However, 8 bits to the modulator may 
not translate to 8 bits at the media. To print an adequate 
gray scale, additional bit depth must be provided. Fur- 
thermore, LCD modulators are known to have some 
measure of roll-off or loss of contrast at the edges of the 
device. To address both these issues, the print system 
takes advantage of the fact that modulators designed for 
projection display generally refresh data faster then is 
required for printing. Consequently, it is possible to cre- 
ate a single image at the media as a super-position of a 
series of images. The individual images that comprise 
the final image vary both in information content and illu- 
mination. 

[0065] First, every image is broken into the three 
basic color components. Information corresponding to 
the red content of the image is displayed on the modu- 
lator. Within each color, multiple frames of image data 
are displayed on the modulator. Once an acceptable 
frame is displayed on the modulator, the first illumination 
pulse is employed. Following the recording of the initial 
frame of data, a subsequent frame is displayed on the 
modulator. The illumination level of the subsequent 
frame is altered according to the density requirements 
at the media. Similarly, as many frames as may be 
needed are introduced at the modulator and imaged at 
the media with the illumination adjusted accordingly. It is 
possible to maintain the same image data at the modu- 
lator and by altering the illumination level alone, intro- 
duce additional bit depth. By varying the illumination 
level, (and/or duration), and by altering the information 
content, the system can build a composite image out of 
a series of preliminary images. The superposition of the 
images in a given color of varied information content 
and varied illumination level introduces additional bit 
depth to the composite image. Once a given color is 
printed the same procedure is repeated with the data 
and illumination corresponding to the next color. 
[0066] In many cases, the first frame of new data 
may display some history or residual information from 
the preceding data. If this is the case, that frame of data 
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is not illuminated immediately, rather, it is refreshed and 
then illuminated. 

[0067] The second concern in the imaging system 
is to correct non-uniformities in the print. The exposure 
system can correct for some uniformities such as roll-off 
at the modulator edges. One way to accomplish this is 
to introduce additional image data to the modulator acti- 
vating only the edge modulator sites. These images are 
exposed and superimposed on the other images thus 
giving additional depth to the edge regions. An example 
method would be to scan a series of images taken at 
LCD modulator 52, create data maps and convolve all 
input data with an initial map of LCD modulator 52 to 
correct the image. Similar techniques can be used to 
adjust for modulator non-uniformities that are known 
prior to operation. 

[0068] Because of the digital addressability of the 
LCD device and the pulsed LED illumination method of 
illumination, this approach to printing provides an ade- 
quate bit depth and reasonable timing for use in a pho- 
tographic printer. 

[0069] The advantages of this invention are the abil- 
ity to use commodity technology to produce low cost, 
high resolution prints, without reciprocity failure. 
[0070] The use of reflective liquid crystal technol- 
ogy in conjunction with color sequential illumination 
allows for very high resolution two-dimensional printing. 
Furthermore, the use of dithering, particularly sub-aper- 
tured dithering provides means to further increase the 
resolution and avoid artifacts due to modulator site fail- 
ure. The timing associated with polarization based 
devices also allows sufficient time in printing to avoid 
reciprocity failure. 

Claims 

1. A method of printing two-dimensional swaths of 
area onto a photosensitive media using at least one 
reflective liquid crystal spatial light modulator, the 
method comprising the steps of: 

imaging light from a light source at least 
through an optics assembly; 
passing said light from said optics assembly 
through a polarization beamsplitter element to 
isolate polarization states of said light; 
directing said polarized light to the spatial light 
modulator to create an essentially telecentric 
illumination at the spatial light modulator; and 
imaging said light through a print lens assem- 
bly at the photosensitive media. 

2. A method according to claim 1 , wherein said spatial 
light modulator includes a plurality of modulator 
sites, said modulator sites being adapted to rotate a 
polarization state of incident light, and reflect said 
light through said spatial light modulator and back 
to said polarization beamsplitter element. 



3. A method according to claim 1 p comprising the fur- 
ther steps of: 

exposing the photosensitive media in a color 
5 sequential manner with a two-dimensional 

color image; and 

moving said photosensitive media to a further 
position to print a new image. 

10 4. A method according to claim 1 , comprising the fur- 
ther step of: 

providing a plurality of said spatial light modula- 
tors which each represent a different color. 

5. A method according to claim 2, comprising the fur- 
ther step of: 

moving the spatial light modulator to multiple 
20 distinct locations by an amount based on a size 

of an individual modulator site to create multi- 
ple images. 

6. A method according to claim 4, wherein said spatial 
25 light modulator is mounted on a frame which is 

movable in at least two directions. 

7. A printing assembly which prints two-dimensional 
swaths of area onto a photosensitive media, the 

30 printing assembly comprising: 

a light source; 

illumination optics which receive light from said 
light source and image said light at a beam- 

35 splitter element which images one polarization 

state of light at a spatial light modulator, 
wherein an essentially telecentric illumination 
is created at said spatial light modulator; and 
a print lens assembly which images said light 

40 onto the photosensitive media. 

8. A printing assembly according to claim 7, wherein 
said spatial light modulator comprises modulator 
sites which are adapted to rotate a polarization 

45 state of incident light and reflect the light trough the 
spatial light modulator and back to the beamsplitter 
element. 

9. A printing assembly according to claim 7, further 
so comprising a plurality of said spatial light modula- 
tors which each represent a different color. 

10. A printing assembly according to claim 8, wherein 
said spatial light modulator is mounted on a mova- 

55 ble frame so as to be movable in at least two direc- 
tions, said spatial light modulator being movable to 
multiple distinct locations by an amount based on a 
size of an individual modulator site to create multi- 
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